Pedogenesis produces fine-grained magnetic minerals that record important information about the ambient climatic conditions present during soil formation. Yet, differentiating the compounding effects of non-climate soil forming factors is a nontrivial challenge that must be overcome to establish soil magnetism as a trusted paleoenvironmental tool. Here, we isolate the influence of vegetation by investigating magnetic properties of soils developing under uniform climate, topography, and parent material but changing vegetation along the forest-prairie ecotone in NW Minnesota. Greater absolute magnetic enhancement in prairie soils is related to some combination of increased production of pedogenic magnetite in prairie soils, increased deposition of detrital magnetite in prairies from eolian processes, or increased dissolution of fine-grained magnetite in forest soils due to increased soil moisture and lower pH. Yet, grain-size specific magnetic properties associated with pedogenesis, for example relative frequency dependence of susceptibility and the ratio of anhysteretic to isothermal remanent magnetization, are insensitive to changing vegetation. Further, quantitative unmixing methods support a fraction of fine-grained pedogenic magnetite that is highly consistent. Together, our findings support climate as a primary control on magnetite production in soils, while demonstrating how careful decomposition of bulk magnetic properties is necessary for proper interpretation of environmental magnetic data.
large uncertainties associated with magnetic proxies currently limit their applicability in other systems and in deep-time 11, 20, 21 . Pedogenic magnetite production in soils is mechanistically described as a function of the soil moisture balance (W), which is defined as the ratio between MAP and the potential evapotranspiration (PET) for a given environment 8 . PET is dependent on a variety of factors including climate and vegetation 8 . Targeted studies investigating the influence of other soil factors have improved our understanding into how the duration of soil development [22] [23] [24] [25] , parent material [26] [27] [28] , and topography 29, 30 impact the magnetic mineralogy of soils. Yet, the role of vegetation on magnetic mineral assemblages in soils remains largely unconstrained.
Here, we investigate magnetic properties of soils forming across the forest-to-prairie transition in NW Minnesota to evaluate the influence of changing vegetation and soil type on populations of pedogenic and detrital magnetic minerals ( Fig. 1 and Figs S1, S2, and S3). Soils along the study transect have developed on Des Moines Lobe glacial till capped by a thin layer of loess since the last glacial retreat 31, 32 . Despite strong E-W gradients in climate across the broader forest-prairie boundary in Minnesota, climate across our more restricted study transect is highly uniform (MAT = 4.6 °C, MAP = 650 mm yr −1 , see seasonal distribution in Fig. S4 ; data from the PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, 9 March 2016) and all soils were sampled from stable uplands on relatively subtle topography (see Fig. 1 ) that has been mostly undisturbed (see Figs S1, S2, and S3 and discussion below). Vegetation differences along the transect are controlled by episodic natural fires, which act to reestablish prairie post-burning 31, 33 . Given changes in vegetation across our study transect, we expect variations in W to be related to vegetation changes, not climate. Increased PET in the prairie will act to decrease W and may lead to an increase in the production of pedogenic magnetite in prairie soils 8 . If pedogenic production of magnetic minerals is controlled by climate alone, we expect to observe consistency in magnetic properties that isolate only the pedogenic population of magnetic minerals. Conversely, variability in magnetic properties can be taken as an indication that soil processes governed by vegetation changes and soil moisture balance are controlling magnetic mineral formation and/or dissolution.
Results
Concentration dependent magnetic properties in the upper 50 cm change markedly across the prairie-forest transect. For example, magnetic susceptibility (χ, Fig. 2a ) ranges between 4 × 10 −7 and 15 × 10 −7 m 3 kg −1 and is significantly greater in enhanced prairie specimens compared with enhanced specimens in the forest and transitional soils (p < 0.001 for unpaired t-tests and Wilcoxon Signed Rank tests; see Methods and Fig. 2 for enhancement criteria). Saturation magnetization M s , Fig. S5 ) largely mirrors magnetic susceptibility within profiles. Both χ and M s are induced magnetizations (measured in the presence of a magnetic field) and include contributions from magnetic minerals of all grain sizes. A frequent measure of the abundance of SP magnetite is the frequency dependence of susceptibility 34 (χ fd in units of m 3 kg −1 or %). The absolute frequency dependence (the difference between low and high frequency susceptibility; Figs 2b and 3; see Methods) increases with increasing concentration of SP magnetite 34 . Here, absolute frequency dependence increases in all topsoil across the transect, but is considerably greater in enhanced prairie topsoils relative to forest and transitional soils. Low-field isothermal and anhysteretic remanent magnetizations (IRM and ARM, respectively; see Fig. 2d ,e) are more consistent between sampling biomes. Remanent magentizations are measured in the abscense of any magnetic field, and notably do not include any contributions from SP grains 35 . Grain size dependent magnetic properties, when normalized to concentration, are comparatively more homogeneous across the vegetation transect. These magnetic parameters increase as the contribution of a particular grain size fraction to the samples total magnetization increases. For instance, the relative frequency dependence of susceptibility (χ fd as a percentage of χ, Figs 2c and 3) and the ratio of the susceptibility of ARM to IRM (χ ARM /IRM, Fig. 2f ) are relative indicators for the abundance of SP and SSD magnetite, respectively. Both properties are generally equivalent across the transect (p > 0.05 for all unpaired t-tests and Wilcoxon Signed Rank tests). Relative χ fd and χ ARM /IRM are both increased in the upper soil horizons for all profiles and display trends consistent with a classical magnetically enhanced soil profile 3, 8, 11 . Cross plots of concentration-dependent and normalized grain-size sensitive magnetic properties are displayed in Fig. 3 and highlight the relationship between SP and SSD magnetite across the study transect. Full results for all parameters are available in Supplementary  Fig. S5 and the data spreadsheet is available online.
Unmixing coercivity distributions derived from backfield remanence curves resulted in a three component model fit for all specimens. Each component is described by its characteristic median coercive field (B h ) and dispersion parameter (DP; one standard deviation in log10 space) 11 . Example fit results are shown in Fig. 4 . Component parameters were consistent across the transect and did not show systematic variations with changes and a DP of 0.44 ± 0.09. Skewness for the HCC, ICC, LCC, is 0.86 ± 0.04, 0.089 ± 0.04, and 1.04 ± 0.14 respectively (note that skewness of 1 is equivalent to a normal distribution 36 ). The HCC is interpreted to represent a detrital magnetite phase inherited from parent materials (note the increased contribution to remanence of the HCC in typical background samples; Fig. 4c ). The LCC is likely a low-coercivity MD magnetite phase, or a possible low-field tail for the ICC representing an artifact of component fitting. The origin of the ICC is interpreted to be pedogenic and is discussed in more detail below.
First-order reversal curves for background and enhanced specimens from each profile record contributions from three distinct end members (Fig. 5 ). The strong isolated contributions along the central ridge along with vertical spread at low coercivity observed in the first end member (EM-1) is diagnostic of PSD magnetite 37, 38 . The clear spread about the vertical axis observed in the second end member (EM-2) is characteristic of MD magnetite 38 (Fig. 5 ). The observed FORC distribution for the third end member (EM-3) is consistent with a mixture of interacting SP and SSD grains of magnetite 38 (Fig. 5 ). Contributions of EM-1 and EM-2 to overall magnetization are variable, but mostly consistent between background specimens ( Fig. 5 ). There is a clear distinction between enhanced and background specimens driven by an increase in the contribution of EM-3. Enhanced forest and transitional specimens are generally more enriched in EM-3 comparative to enhanced prairie specimens ( Fig. 5 ). We interpret EM-1 and EM-2 to represent detrital magnetite that is inherited from the parent material (glacial till and loess), while EM-3 is interpreted as pedogenic magnetite. Forest and prairie soils can be differentiated in a plot of squareness (B cr /B c ) versus remanence ratio (M r /M s ), where prairie soils show generally lower M r /M s values, consistent with a relative enrichment in the fraction of coarse grained MD magnetite, super fine-grained SP magnetite, or both ( Fig. 6 ). Temperature dependent experiments (described in Methods) indicate that magnetite, and partially oxidized magnetite are the dominant magnetic mineral for all studied samples (see Supplementary Figs S10 and S11). Contributions of so-called 'antiferromagnetic' minerals such as goethite and hematite are minimal. However, goethite is identified by increased magnetization with cooling during thermal cycling 39 and appears to to be present in enhanced forest specimens (Fig. S10 ). In addition, iron concretions were observed during sampling in the parent materials of forest soils. Soft iron masses are common in Des Moines Lobe till, so it is possible these concretions are either inherited from the parent material or formed in place. We also note that the presence of goethite in forest soils may be important to distinguishing variable soil processes across this soil transect, as discussed in more detail below.
Discussion and Conclusions
This work represents, to our knowledge, the most rigorous evaluation of the effects of changing vegetation on magnetic mineral production in soils, in particular for soils that developed under uniform climate. The observed consistency in relative χ fd and χ ARM /IRM in topsoils across the study transect suggests that biomediated redox processes 8 leading to the production of SP/SSD magnetites in soils occur despite the influence of variable soil type and vegetation. Further, the median coercivity and dispersion reported for the ICC from coercivity analyses agrees well with previous studies that have isolated pedogenic magnetites from soils ranging across the globe 6, 11, 40 and we interpret the ICC reported here to be pedogenic magnetite. Pedogenic magnetite contributes ∼45% of M r for enhanced forest and prairie specimens and shows a decreasing pattern with depth similar to trends observed in χ fd and χ ARM /IRM (Fig. 4a ). There is also clear consistency in EM-3 from FORCem analyses ( Fig. 5 ) that supports the hypothesis that pedogenic SP/SSD magnetite consistently dominates the magnetization of enhanced soil horizons across the transect. Together, our data set supports a pedogenic population of magnetite that is formed in soils independent of changing vegetation that is generally comparable to pedogenic magnetite populations recovered in soils developing under variable conditions throughout the world.
Climatic interpretations based on the magnetic mineralogy of paleosols are based on the fundamental assumption that ambient climate conditions are the principal control on the production of fine-grained, SP/SSD magnetite in upper soil horizons. To test the predictive power of recent paleoprecipitation proxies calibrated using pedogenic magnetite in loessic soils of the Great Plains 6 we reconstructed precipitation for each sampling zone based on the χ ARM /IRM of the enhanced horizons (Fig. S12) . Estimates for mean annual precipitation (MAP) are within ∼8% of the observed value ( Fig. S12 ) and have good agreement across sampling zones. We again note that the χ ARM /IRM ratio is a relative indicator for the contribution of SSD grains to total remanence-and so this magnetic property only captures pedogenic magnetite that falls into the SSD grain size range. Accordingly, these results suggest that pedogenic production of SSD magnetite in soils is consistent enough with respect to changing vegetation that climatic inferences can still be made based on magnetic mineral assemblages. Yet, increased χ and induced magnetization in prairie topsoils indicate an overall increase in the concentration of magnetic material in prairie soils compared to forest and transitional soils, which complicates climatic interpretations. For example, pedogenic susceptibility (χ ped , equivalent to the χ χ − enhanced background ), which is used as a climatic indicator 1,2 , is much greater in prairie soils (57.5 ± 26.5 × 10 −8 m 3 kg −1 compared to forest and transitional soils (8.43 ± 10.2 ×10 −8 and 11.5 ± 27.9 × 10 −8 m 3 kg −1 , respectively) and overall variability for χ ped between individual profiles is extremely high. Increased absolute χ fd suggests an increased concentration of SP magnetite in prairie topsoils (Figs 2, 3) , which contributes to the large differences observed between χ fd of prairie soils compared with forest. In addition, end member contributions from FORCem unmixing (Fig. 5 ) on a subset of specimen suggest that the increase in concentration of magnetic material in prairie soils is due to a relative enrichment in prairie soils of detrital MD magnetite (EM-1, see Fig. 5 ). Together, these data suggest an increase in the concentration of SP magnetite and a relative enrichment in detrital MD magnetite in prairie soils. These differences suggest variable soil processes act across the study transect and complicate climatic interpretations made from parameters for the concentration grain-size fractions like absolute χ fd and ARM.
It is important to constrain the soil processes that lead to the relative enrichment of magnetite in prairie soils, which may be the result of either a loss of magnetite from forest soils or additional inputs into prairie soils. One possible pathway for the production of magnetite in prairie soils may be burning, which is known to produce fine grained magnetite in top soil and is a key factor in determining the boundary of the forest-to-prairie transition in this region. However, if burning is the primary process responsible for the increased induced magnetization in prairie soils, then we would expect the elevated magnetization to be restricted to the uppermost 5-10 cm of soil. Yet, we observe elevated induced magnetizations down to 40 cm depth in prairie soils (Fig. 2) . It is possible that plowing of prairie soils in the 1950s may be partially responsible for homogenizing the top soil, although plows used at this time usually only affected the top ∼20 cm of soils and it is unclear from aerial photos if plowing affected this locality at all (see Fig. S3 ). Finally, although early work highlighted burning as a process that can produce magnetites in top soils, more recent work has shown that it is not likely to be a primary driver for magnetic enhancement 41 .
Increased PET in prairie soils is related to changes in vegetation from forest to prairie and also increased wind speeds on the prairie, likely due to decreased tree cover to act as wind blocks. Given the increased PET and associated decrease in W from forest to prairie soils, we suggest that overall production of SP/SSD pedogenic magnetite is enhanced in prairie soils. This is consistent with the clear differences in the absolute concentration of SP magnetite shown from plots of absolute χ fd with depth ( Fig. 2b) . Possible increases in detrital MD magnetite in prairie soils (indicated from FORCem analysis) may be related to eolian deposition of magnetic minerals on the prairie similarly related to increased wind speeds. However, an additional consequence of increased W in forest and transitional soils is the possibility for dissolution of magnetite during episodes of prolonged soil saturation. Dissolution of magnetite in forest sites is further facilitated by increasingly acidic soil conditions 42, 43 . Measurements of pH on soil horizons from this study are in agreement with previous work 31 and show that forest soil, particularly top soil, is more acidic compared to prairie and transitional soils ( Table 1) . Goethite is favored in soils with lower pH 42, 43 and is detectable only in enhanced forest top soil where conditions are most acidic (forest A horizons pH = 6.85). The cross plot of absolute χ fd and ARM (Fig. 3a) highlights that forest soils (particularly enhanced samples) display a trend consistent with increased dissolution of SP magnetite relative to prairie and transitional soils. In contrast, given the similar trends displayed by transitional and prairie soils -it appears that transitional soils simply produce less SP and SSD magnetite than prairie soils. It follows that the progressive increase in magnetite observed in prairie soils relative to forest and transitional soils (Fig. 5) is likely related to some combination of these processes, all of which have no direct relationship with changes in climate.
An equilibrium balance between magnetic mineral formation and dissolution with respect to soil conditions is essential for a stable population of magnetic minerals to develop in soils in response to long term climatic and environmental conditions. Here, we present evidence in support of three important conclusions regarding mixed assemblages of magnetic minerals in soils. First, changes in soil moisture can be unrelated to changing climate and are likely to affect climatic interpretations based on pedogenic magnetic mineral assemblages -particularly for magnetic properties that isolate the concentration of SP or SSD magnetite (e.g., absolute χ fd or ARM). Second, contributions from detrital magnetic minerals to the overall magnetization of soil samples complicate signals from pedogenic minerals. Detrital magnetic minerals are by definition not formed in soil, are subject to long-term dissolution processes, and are very unlikely to be in equilibrium with ambient climatic conditions. As a result, climatic interpretation based on bulk magnetic properties of soils without the removal of detrital signals is likely to be poorly constrained and uncertain. Finally, the SP/SSD population of magnetite in enhanced soil All horizons match those displayed in Fig. 1 .
horizons across the study transect is highly consistent in grains-size and relative contribution to magnetization, is easily identifiable using a range of targeted magnetic parameters and techniques, and suggests that the processes controlling magnetite pedogenesis occurs independent of vegetation cover. Yet, dissolution processes diminish magnetic minerals including pedogenically produced magnetite. Based on the consistency reported here for relative measures of pedogenic magnetite across the transect, it is apparent that equilibrium conditions are reached between formation and dissolution processes with respect to the ambient climatic conditions. Thus, paleoclimate proxies that are based on ratios between the magnetic properties of enhanced and parent horizons may be more robust than those that are based on absolute magnetization values.
Methods
Soil samples were collected from a combination of freshly dug soil pits, slide-hammer cores, and augered samples. Augered samples were collected from the inside of soil clods to avoid contamination. Soil color for wet samples was recorded using a Munsell color chart. All samples were dried, lightly crushed to homogenize, and sieved to remove soil particles larger than 5 mm. Specimens for magnetic measurements were prepared by packing soil samples into diamagnetic plastic cubes and securing with a non-magnetic potassium silicate adhesive. Magnetic measurements were conducted at the Institute for Rock Magnetism at the University of Minnesota. All specimens in this study (n = 98) were evaluated for magnetic susceptibility (χ, m 3 kg −1 ), frequency dependence of susceptibility (χ fd , % or m 3 kg −1 , see below), isothermal remanent magnetization (IRM, Am 2 kg −1 ), anhysteretic remanent magnetization (ARM, Am 2 kg −1 ), and hysteresis properties. and is reported in units of m 3 kg −1 . IRM was imparted using three pulses of a 100 mT direct current (DC) field in a pulse magnetizer and ARM was imparted in a peak alternating field (AF) of 100 mT in the presence of a weak DC bias field of 50 μT. Both IRM and ARM were measured using a 2G Enterprises 760-R SQUID magnetometer within a shielded room with a background field of less than 100 nT. The susceptibility of ARM (χ ARM , mA −1 ) is calculated by dividing ARM by the bias field. Enhanced and background samples were determined by threshold criteria for χ fd and χ ARM /IRM, where specimen with χ fd > 2% and χ ARM /IRM > 4.5 × 10 −4 mA −1 were categorized as enhanced and all other specimen were determined to be background.
Hysteresis loops and backfield remanence curves were measured using a Princeton Measurements Corporation Micromag vibrating sample magnetometer (VSM) at room temperature in fields up to 1 T. Saturation magnetization (M s , Am 2 kg −1 ) and coercivity (B c , mT) are determined from hysteresis loops, while saturation remanent magnetization (M rs , Am 2 kg −1 ) and coercivity of remanence (B cr , mT) are calculated from backfield curves 35 . Coercivity spectra were derived for all specimens as the absolute value of the first derivative of backfield curves. Coercivity unmixing was performed using MAX UnMix 36 , a new program for coercivity unmixing based on previous work [44] [45] [46] (available online at www.irm.umn.edu/maxunmix).
A subset of samples, both background and enhanced, were analyzed using more sophisticated measurements in order to better constrain grain size distributions and magnetic mineralogy. An initial room temperature (300 K) remanence (RT-SIRM) imparted using a 5 T DC field (followed by 2.5 T pulse along same axis to minimize recoil within system) was measured during cooling to 20 K and warming back to room temperature using a Quantum Design Magnetic Properties Measurement System (MPMS). Field cooled (FC) and zero-field cooled (ZFC) remanence (2.5 T) was measured on cooling from 300 K to 20 K. RT-SIRM and FC-ZFC curves reveal remanence loss at diagnostic transitions, for example the Verwey transition for magnetite. To characterize magnetic grain size distributions, first order reversal curve (FORC) diagrams were measured using a Micromag-VSM. All FORC diagrams were processes using FORCinel v3.0 and smoothed using the simple smooth functionality with a smoothing factor of 5 47 . Decomposition of FORC diagrams was performed using FORCem 37 . FORCem unmixes FORC data using a principle component approach that allows for quantification of end member contributions to magnetization. Data availability. All data generated or analysed during this study are included in this published article (and its Supplementary Information files).
